Two methods were employed to measure the rate of ribonucleic acid (RNA) chain growth in vivo in Mycobacterium tuberculosis H37Rv cultures, growing in Sauton medium at 37°C, with a generation time of 10 h. In the first, the bacteria were allowed to assimilate [3H]uracil or [3H]guanine into their RNA for short time periods. The RNA was then extracted and hydrolyzed with alkali, and the radioactivity in the resulting nucleotides and nucleosides was measured. The data obtained by this method allowed the calculation of the individual nucleotide step times during the growth of RNA chains, from which the average rate of RNA chain elongation was estimated to be about 4 nucleotides per s. The second method employed the antibiotic rifampin, which specifically inhibits the initiation of RNA synthesis without interfering with the elongation and completion of nascent RNA chains. Using this method, the transcription time of the 16S, 23S, and 5S ribosomal RNA genes was estimated to be 7.6 min, which corresponds to a ribosomal RNA chain growth rate of 10 nucleotides per s.
chain growth in vivo in Mycobacterium tuberculosis H37Rv cultures, growing in Sauton medium at 37°C, with a generation time of 10 h. In the first, the bacteria were allowed to assimilate [3H]uracil or [3H]guanine into their RNA for short time periods. The RNA was then extracted and hydrolyzed with alkali, and the radioactivity in the resulting nucleotides and nucleosides was measured. The data obtained by this method allowed the calculation of the individual nucleotide step times during the growth of RNA chains, from which the average rate of RNA chain elongation was estimated to be about 4 nucleotides per s. The second method employed the antibiotic rifampin, which specifically inhibits the initiation of RNA synthesis without interfering with the elongation and completion of nascent RNA chains. Using this method, the transcription time of the 16S, 23S, and 5S ribosomal RNA genes was estimated to be 7.6 min, which corresponds to a ribosomal RNA chain growth rate of 10 nucleotides per s.
Currently, we have been investigating the molecular aspects of the growth of Mycobacterium tuberculosis H37R,, the causative organism of tuberculosis in man, with a view to applying the results to combating the disease. One of the difficulties in working with this organism is its extremely slow growth rate: the generation time is 18 to 24 h on stationary cultures and 10 to 12 h on shake cultures. The slow growth of the organism perhaps reflects a retarded rate of macromolecular synthesis and a consequent step-down of its metabolic machinery. We have focused our attention on the synthesis of ribonucleic acid (RNA), chiefly because we have found that the RNA polymerase in this organism is different in its properties from that of a fast-growing organism like Escherichia coli (7) . The kinetics of RNA synthesis in M. tuberculosis, it was hoped, might reflect the slow growth of the organism.
The rate of de novo synthesis of RNA in growing bacteria is a function of two parameters: the number of nascent RNA chains that are growing at any one time, and the rate of growth of nascent chains. We have studied the second of the two parameters in M. tuberculosis H37R,, by making use of two different methods.
The first was originally used by Manor et al. (8) for studying the rate of RNA chain growth in E. coli under different growth conditions. Here, the bacterium is allowed to incorporate a radioactively labeled nucleotide precursor into its RNA chains for a certain period, and the average chain length during the labeling period is ascertained by measuring the ratio of the total radioactivity incorporated into the RNA to that present in the 3' ends of the growing chains.
Such measurements provide a means of calculating the nucleotide step time, which is the time elapsed between the addition of successive nucleotide residues to the growing 3' ends of the RNA. An overall rate of RNA chain growth can be estimated by using an averaged value of the individual nucleotide step times.
The second method (2) makes use of the drug rifampin, which inhibits RNA chain initiation but not elongation, to estimate the rate of RNA chain growth in E. coli. The procedure essentially consists of following the kinetics of labeling total, stable, and unstable RNA under judiciously chosen conditions of rifampin inhibition. The data thus available allow one to arrive at the growth rate of the stable as well as the unstable RNAs.
The methods of Manor et al. (8) Method (i). Only a brief description of the experimental detail is given below. For theoretical calculations and experimental details, the original paper (Manor et al. [8] ) should be referred to.
(i) Growth conditions. The culture media (L-asparagine, 0.4%; citric acid, 0.2%; MgSO4, 0.05%; K2HPO4, 0.05%; ferric ammonium citrate, 0.005%; glycerol, 3.5% [vol/voll [pH 7 .21 [11] ) were inoculated with a fresh stationary-phase culture of M. tuberculosis H37R, (NCTC 7416) , so as to give a 500-fold dilution, and grown on a gyratory shaker at 37°C. Growth was monitored by measuring the turbidity in a Klett-Summerson colorimeter, using the green (no. 54) filter. The doubling time of the bacteria under the growth conditions employed was found to be 10 to 12 h.
(ii) Rapid labeling and sampling experiment. nucleic acid extraction, alkaline hydrolysis of RNA, and chromatography were carried out exactly as described by Manor et al. (8) , except that the concentration of egg white lysozyme used during processing was four times that used by them.
(iii) Scintillation counting of radioactivity. The uridine 5'-monophosphate (UMP), guanosine 5'-monophosphate (GMP), cytosine 5'-monophosphate (CMP), uridine (Urd), cytidine (Cyd), and guanosine (Guo) spots of the chromatogram were cut out and counted in a liquid scintillation spectrometer (Beckman LS-100) in 10 ml of the scintillation fluid (500 mg of PPO [2,5-diphenyloxazole] in 50 ml of toluene plus 50 ml of Cellosolve). Since the uptake experiments had been designed to produce a high ratio of 3H/14C counts, the counting channels were so chosen that 40% of the 14C counts were also recorded in the 3H channel, but that none of the 3H counts was recorded in the 14C channel. Radioactivity in the nucleosides was counted for 20 min and that in the nucleotides was counted. for 10 min.
(iv) Chemical analysis ofthe bacterial content of RNA and DNA. The bacteria were treated with cold perchloric acid (1.5% at 0°C), and the precipitated material was collected by centrifugation. The nucleic acids were extracted from the precipitate with hot perchloric acid (3.5% at 70°C for 45 min). The amounts of deoxyribonucleic acid (DNA) and RNA in the extract were determined by the diphenylamine reaction according to Burton (3) and the orcinol reaction according to Ceriotti (4), respectively.
Method (ii). M. tuberculosis cells were made permeable to rifampin by a short treatment with EDTA as described below (from Bremer et al. [2] ). At a turbidity of approximately 190 Klett units, a portion of the bacterial culture was centrifuged (7,000 x g at 0°C) for 10 min. The supernatant medium was discarded and the bacteria were resuspended in sodium phosphate-EDTA buffer (0.1 M phosphate-0.001 M EDTA, pH 6.8) in one-tenth of the original volume and held at 37°C for 2 min with aeration. EDTA treatment was terminated by dilution to the original volume with medium prewarmed to 37°C. In most experiments, this culture was further diluted as indicated in the legends for figures.
(i) Labeling of RNA and DNA. After termination of EDTA treatment, a 10-ml portion of the bacterial culture (suitably diluted; see legend to Fig. 1 ) was added to a test tube containing [3H]uracil (6.1 Ci/ mmol; final concentration, 50 pmol/ml) and rifampin (100 jAg/ml) and incubated at 37C. One-milliliter samples were removed at various times, and nucleic acids from aliquots of 0.5 ml each were precipitated with 2 ml of cold 5% trichloroacetic acid. The incorporation oflabel into RNA and total nucleic acid was determined (see below). In other experiments [3H]uracil (50 pmol/ml) was added to 10 ml of a suitably diluted culture (see legend, Kkett units, was added to an incubation tube containing rifampin and radioactive uracil. One-milliliter samples were removed, and aliquots of 0.5 ml each were precipitated with trichloroacetic acid. Incorporation of label into RNA (0), DNA (A), and total nucleic acid (-) was determined. The RNA remaining after 6 h represents stable RNA labeled in the presence of rifampin. J. BACTERIOL. rious times after incubation at 37°C, 0.5-ml ali-lation fluid containing 4 g of PPO and 50 mg of Dts were removed and added to a tube containing POPOP [1,4-bis-(5-phenyloxazolyl)-benzene] per umpin (100 ,Lg/ml). These tubes were further in-1,000 ml of toluene. For determination of label in )ated for 5 h, the reaction was terminated by RNA, the acid-precipitated cells were centrifuged lition of 2 ml of 5% trichloroacetic acid, and the and washed with 5% trichloroacetic acid. After [ioactivity in RNA was determined.
drying, the precipitate was suspended in 1 ml of 0.2 Po measure the radioactivity in total nucleic acids N NaOH and left for 18 h at 25°C for complete IA plus DNA), the acid-precipitated cells were hydrolysis of RNA. The alkali-resistant material ered through membrane filters (0.45-,um pore was precipitated at 0°C by 1 ml of 0.5 N perchloric >, Millipore Corp.). After they were washed sev-acid. The soluble nucleotides resulting from the hy-1 times with 5% trichloroacetic acid, they were drolysis were separated from the insoluble material ed and counted in a liquid scintillation spec-by filtration through membrane filters (Millipore meter (Beckman LS-100) in toluene-based scintil-Corp.). They were washed several times with 0.5 N perchloric acid and dried, and the radioactivity was measured. The difference between the radioactivity On the basis of these data estimates of the UMP step time (Ta) have been made using the appropriate equations (4 and 4' [8] ). This gives an average step time of 262 ms for UMP. Similarly, step times for CMP(Tr) and GMP(Tr) have been calculated to be 330 ms and 152 ms, respectively (Tables 2 and 3 ). The step time for adenosine 5'-monophosphate (AMP) could not be calculated by this method and hence is assumed to be the same as that for GMP (8) .
(ii) Determination of RNA/DNA ratios in M. tuberculosis and E. coli. The RNA/DNA ratio per gram of mid-log-phase culture was 10-fold lower for M. tuberculosis as compared with that for E. coli (data not shown).
Method (ii).(i) Labeling of nucleic acids in the presence of rifampin. If [3H]uracil and rifampin are added coincidentally to M. tuberculosis, the kinetic pattern of total nucleic acid labeling can be resolved into two superimposing kinetics of DNA and of RNA labeling (Fig.  1) . The radioactivity in DNA increases continuously, since DNA synthesis is not primarily affected by the drug. The kinetics of RNA labeling show a maximum after about 3 h, representing label in stable and unstable RNA. After 3 h, the label in RNA decreases to a constant level, reflecting the decay of unstable RNA and the cessation of RNA synthesis (1, 10) . The final level represents stable RNA molecules which, nascent at the time of addition of [3HIuracil and rifampin, were completed.
(ii) Stable RNA-rifampin kinetics. The kinetics of incorporation of [3H]uracil into total RNA (in the absence of rifampin), and into stable RNA after addition of rifampin, were again determined in the experiments illustrated in Fig. 2 Fig. 3(b) in reference 2], the shift, t4, needed to construct the kinetics of labeling stable RNA, is equal to the sum of the extrapolation of the L,rif(t) kinetics to the time axis, t,, and the initial lag, tlag, in the kinetics of labeling total RNA. The initial section of rifampin kinetics extrapolates to -2.5 min on the time axis (Fig. 2) . Thus, t, = 2.5 min. The lag in the initial incorporation (tiag) is obtained from the kinetics of labeling total RNA as 1 min, and the shift, t4, is therefore equal to 2.5 + 1 = 3.5 min.
The Normally the value for t, has to be corrected for changes in the specific activities of the uracil pool during the labeling period. The specific activity of the precursor pool can be obtained from the relation S(t) = S(t)) e'ln2 ") 10 and 15 ing rate of the stable RNA between 3.8 min (0.5 t.) and 7.6 min (t.) was only 1.11-fold. The exact specific activities of the precursor pools could not be determined because the value of r,(0) is not known. However, the ratio of the specific activities at the two time intervals could be calculated by using equation 3. It was found that there was only 1.09-fold increase in the specific activity of the precursor pool from 3.8 to 7.6 min. Hence, the observed increment of radioactivity in the stable RNA after rifampin addition (AL rif) is (0.75 x 1 + 0.25 x 1.09) = 1.02 times higher than would be expected. Hence, the observed zero point of the rifampin kinetics L,rif (0) In experiments with E. coli as well, the rates of RNA chain growth have been calculated by the same procedure. We have ob- 129, 1977 
